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摘  要
         
         
纳米加工要求能够在纳米或分子、原子水平上可控地实现材料的去除、形变或增添
。材料去除是目前最常用的加工手段，其特征是将材料表面的一部分与本体之间的
化学或金属键打开，并将之移离。按开键原理，相关的加工可大致分为机械、能量
束（离子、激光、电子等）、电化学和化学等方法，并有着各自的优缺点，如：机
械和能量束法加工精度高，但会造成加工面的损伤，电化学和化学方法则相反。
近年来，飞速发展的各应用领域对加工后的表面质量要求急剧提高，特别是超大规
模集成电路制造中的铜互连导线以及高能激光应用中的发/反射镜面，要求经抛光
整平后的表面既无损伤又有纳米尺度的平整度和纳米精度的粗糙度。对此，经多年
探索后，现已普遍认同提高电化学和化学方法的加工精度是满足未来纳米加工需求
的主要发展方向之一。
本论文的主要研究内容是对田昭武院士提出的约束刻蚀剂层技术（CELT），从原理
上再创新，提出并实验验证了一种基于氧化还原水合凝胶聚合纳米膜的纳米加工新
方法，实验结果表明其不仅能进行纳米尺度和精度的可控的化学刻蚀加工，而且能
实现以宏观尺度的设备和工具制造纳米级精度的器件之目的。
在本论文的绪论中，系统介绍了现有的各种铜表面抛光的纳米加工技术，详细地描
述了本创新方法的基本原理以及实际可行性，简介如下：在工具(模板)电极表面制
备一层氧化还原功能性纳米膜；随后将工具电极置于工件表面，纳米级的膜厚可使
工具和工件之间形成高精度地间隔，极大地降低了对加工设备的要求；氧化还原膜
中电子以独特的跳迁（hopping）传导方式，既能防止工件通过膜层间接接入电化
学系统，发生电化学阳极氧化，又能通过电化学手段调控膜的功能基团至其氧化态
；氧化的功能基团与工件表面发生化学氧化反应，在如下的两种条件下均达到高精
度的化学刻蚀加工的目的：(1) 膜面能够反映出工具电极的表面结构，此时，膜与
工件表面部分接触，功能基团仅能化学氧化与之接触的工件表面；(2) 工具和工件
之间的间隔被柔性的膜完全填塞，此时，膜与工件表面完全接触，如果膜中电子传
导速度小于化学氧化反应速度，是刻蚀的决速步骤，则刻蚀速度对间距敏感并反比
于膜厚，由于工具电极表面三维结构的每一点至工件表面的距离不同，因而每一点
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的刻蚀速度不同，所以仍能以纳米精度将电极表面结构加工复制在工件表面。
第三章描述了一种典型的氧化还原水合凝胶聚合膜（乙烯基联吡啶钌聚合物
([Ru(bpy)2(vpy)2]2+)n）的制备和表征，包括：单体的合成和电化学成膜的方法
，以及各种影响成膜质量的因素等。实验测定所制的膜的电子传导速率为1.4×10-
9 cm2/s ~ 1×10-10 cm2/s。
论文第四章采用([Ru(bpy)2(vpy)2]2+)n聚合物膜对金属铜表面进行纳米加工，着
重探讨了影响抛光整平的各种因素及刻蚀的过程机理。实验结果表明：1）氧化还
原膜与金属铜表面按典型的电化学-化学（E-C）方式发生刻蚀反应，刻蚀速度与膜
的厚度成反比关系，证明了膜中电子传导速度小于化学氧化反应速度，采用表面粗
糙度（Ra）为3.3 nm的玻碳电极，刻蚀后铜表面粗糙度可由10 nm降至3.9 nm，实
现了将电极表面的平滑结构复制在铜表面；2）刻蚀速度大于8.5 nm/min；3）随刻
蚀深度增加，铜刻蚀面的表面粗糙度增加，原因是刻蚀后的铜形成了较厚的固体氧
化铜层，改变刻蚀过程机理，采用间歇刻蚀方式（阶跃电位，循环伏安等）可消除
此不利影响。
         
关键词：纳米加工；氧化还原纳米膜；约束刻蚀；平坦化；铜互连结构
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Abstract
         
         
Nanomachining must meet the requirement for the realizing of material removal,
shape change or material addition at the level of nano and/or molecular/atom. Of
these, material removal is the most frequently used means, whose fabrication
feature lies in the removing of a part of material surface after breaking its
chemical (or metallic) bonding with the material bulk. The way to break the
bonding can be classed into mechanical, energy beam (ion, laser and electron,
etc.), electrochemistry and chemistry. However, different advantages and
disadvantages have been found for each of them. For example, employing of
either mechanical or energy beam would cause the fabricating surface damage,
whereas electrochemical and chemical methods cannot realize an ultra-
precision.
With the rapid development of application, there is a dramatically increasing of
requirement for the higher surface quality, especially Cu interconnection of ULSI
and lenses of high-energy laser system, because their smooth surface must
possess a nano-precision without any damage. Great effort has been devoted to
this issue for years. It is generally accepted that the enhancing of electrochemical
(or chemical) fabrication precision is an alternative way to meet the demands for
nanomachining in future.
The target of this thesis is to develop Confined Etchant Layer Technique (CELT),
which was originally proposed by Prof. Zhao-Wu Tian. In this thesis, a new
strategy for the electrochemical nanomachining based on the redox hydrogel
nanofilm was suggested from the principle innovation. The presence of
experimental results demonstrated that such a electrochemical inducing chemical
etching approach enable not only nanomachining in a controllable way but also
achieving the aim of employing of macro-scale equipment and tool to fabricate the
components with nano-precision.
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In Chapter 1, the state-of-art for the planarization of Cu interconnection was
introduced. Successively, both the innovation principle and feasibility of the new
nanomachining strategy was described in detail as follows. A redox functional
nano-film is developed on the tool-electrode (mold electrode). When such a film is
used as a middle layer between the tool-electrode and workpiece, a high-
precision interval will be easily achieved and greatly reduced the demand for
equipment. The unique electron-hopping transfer of the redox film will prevent the
electrochemically anodic oxidation of the workpiece that indirectly links with
electrochemical system. It is also duo to electron-hopping transfer that all of
functional groups within the film can take part in the electrochemically reversible
reaction. After being electrochemically oxidized, the functional groups will
chemically oxidize the workpiece to realize the nanomachining with an ultra-
precision under two conditions: (1) when the redox film surface with an uniform
nano thickness is able to reflect the nano-structure of the electrode surface at a
high resolution, the functional groups will chemically oxidize the workpiece only at
the point where they are touching; (2) when the interval between the electrode
and workpiece is completely filled with the soft hydrogel redox film, the
nanomachining will require for a precondition that electron hopping within the
redox film is the rate-determining step slower than the chemical reaction between
the functional groups and workpiece. If so, the etching rate is inversely
proportional to the distance from each point of 3D pattern of the tool electrode to
the workpiece surface. Therefore, the complementary nanostructures of the tool
electrode can be finally fabricated on the workpiece.
Chapter 3 introduced the synthesis and characterization of a typical redox
hydrogel polymer, polyvinyl(bipyridtl)ruthenium (([Ru(bpy)2(vpy)2]2+)n). Both
synthesis method and parameter were systematically investigated. Electron
hopping rate within polyvinyl(bipyridtl)ruthenium was found to vary from 1.4×10-9
cm2/s to 1×10-10 cm2/s in an aqueous working solution.
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In Chapter 4, employing of ([Ru(bpy)2(vpy)2]2+)n polymer to fabricate copper
workpiece was systematically explored. The etching process mechanism for the
copper planarization was deeply discussed. In summary, 1) the etching
progressed via an electrochemical-chemical (E-C) process and the etching rate is
inversely proportional to the film thickness, demonstrating that electron hopping
within the redox film is the rate-determining step slower than chemical etching
reaction; the experimental results demonstrated that the roughness (Ra) of Cu
surface could be decreased from about 10 to 3.9 nm after the plantation was
conducted by using a tool electrode with a roughness of 3.3 nm; 2) the copper
removal rate was found higher than 8.5 nm/min; 3) with the increasing of the
etching depth, the roughness of Cu surface also increased due to the formation of
thick solid CuO layer, which could be eliminated and/or weakened by means of
batch-type etching, such as potential pulse, cyclic voltammetry sweep, etc.
         
Keywords: Nano-machining; Redox polymer; Confined etchant layer technique;
planarization; Cu interconnection
厦
门
大
学
博
硕
士
论
文
摘
要
库
参考资料
         
[1]  Uyemura著, 周润德译. 超大规模集成电路与系统导论 [M]. 北京: 电子工业出版社, 2004.
[2]  岩田穆, 角南英夫, 彭军译. 超大规模集成电路——基础.设计.制造工业 [M]. 北京: 科学出版社,
2008.
[3]  Plummer, Deal, M. D., Griffin, P. B. Silicon VLSI Technology: System-on-Chip Design [M]. 北京: 电子工
业出版社, 2003.
[4]  Wolf. Moderm VLSI Design: System-on-chip Design (Third Edition) [M]. 北京: 科学出版社, 2003.
[5]  郑光锋. Cu/low-k介质化学机械抛光中的表面接触分析 [D]. 太原: 太原科技大学, 2012.
[6]  宋登元, 宗晓萍, 孙荣霞, 王永青. 集成电路铜互连线及相关问题的研究[J]. Semiconductor
Technology, 2001, 26(2): 29-32.
[7]  Edelstein, D. Full copper wiring in a sub-0.25&micro;m CMOS ULSI Technology[C]. IEEE IEDM, 1997,
pp.773-776.
[8]  Venkatesan, S. A high performance 1.8V, 0.20&micro;m CMOS Technology with copper metallization. In:
IEEE IEDM, 1997, pp. 769-772.
[9]  korczynski. Interconnect: the new frontier[J]. Solid State Techology, 1998, 41(9): 83.
[10]  徐小城. 深亚微米集成电路工艺中铜金属互联技术[J]. 微电子技术, 2001, 29(6): 1-7.
[11]  王莉. 3 IC在DSTI-CMP工艺中的应用与研究 [D]. 天津: 天津大学, 2008.
[12]  Fayolle M., Passemard, G., Louveau, Fulalba, F., Cluzel, J. Challenges  of back end of the line for sub 65 nm
generation,” [J]. Microelectron. Eng., 2002, 70: 255-266.
[13]  Lanckmans, F., Brongersma, S. H., Varga, I., Poortsmans, S., H. Bender, T., Conard, Maex, K. A
quantitative adhesion study between contacting materials in Cu damascene structures[J]. Appl. Surf. Sci, 2002,
201.
[14]  Mosig, K., Jacobs, T., Brennan, K., Rasco, M., J.Wolf, Augur, R. Integration challenges of porous ultra low-
k spin-on dielectrics[J]. Microelectron. Eng., 2002, 64: 11-24.
[15]  Rosenberg, R., Edelstein, D. C., Hu, C. K., Rodbell, K. P. Copper metallization for high performance
silicon technology[J]. Ann. Rev. Mater. Sci, 2000, 30: 229-262.
[16]  Murarka, S. P. Multilevel interconnections for ULSI and GSI era[J]. Mater. Sci. Eng. R., 1997, 19: 87-151.
[17]  Krishnan, M., Nalaskowski, J. W., Cook, L. M. Chemical Mechanical Planarization: Slurry Chemistry,
Materials, and Mechanisms[J]. Chem. Rev., 2010, 110: 178-204.
[18]  Morgen, M., Ryan, E. T., Jie-Hua, Z., Hu, C., Cho, T., Ho, P. S. Low Dielectric Constant Materials for
ULSI Interconnects[J]. Annu. Rev. Mater. Sci., 2000, 30: 645-680.
[19]  刘玉岭, 檀柏梅, 张楷亮. 超大规模集成电路衬底材料性能及加工测试技术工程 [M]. 北京: 冶金工
业出版社, 2002.
[20]  Walsh, Robert J. Herzog, Arno H. Process for Polishing semiconductor materials.  USA, 1965, p.
Patent：US3170273.
[21]  Kaufman, F. B., Thompson, D. B., al, e. Chemical-mechanical polishing for fabricating patterned W metal
features as chip interconnects[J]. Journal of Electrochemical Society, 1991, 138(1): 3460-3465.
[22]  Joseph M, Steigerwald, Shyam P. Muraka, Ronald J. Gutmann. Chemical planarization of microelectric
materials [M]. New York, SUA, 1996.
[23]  L., H., H., X. G. Lubricating behavior in chemical-mechanical polishing of copper[J]. Scripta Materialia,
2002, 46(2): 343-347.
[24]  Kuide Qin, Brij Moudgil, Chang-Won Park. A chemical mechanical polishing model incorporating both
the chemical and mechanical effects[J]. Thin Solid Films, 2004, 446(2): 403-410.
[25]  Nguyen V., Kranenburg Van H., Woerlee P. Dependency of dishing on polish time and slurry chemistry in
Cu CMP[J]. Microelectronic Engineering, 2000, 50(403-410).
[26]  Izumitani, T. In Treatise on Material Science and Technology [M]. New York: Academic Press, 1979.
厦
门
大
学
博
硕
士
论
文
摘
要
库
[27]  徐进, 雒建斌, 路新春, 张朝辉, 潘国顺. 超精密表面抛光材料去除机理研究进展 [J]. 科学通报,
2004, 49(17): 1700-1705.
[28]  Xue Qunji, Liu Weimin. The research progress in tribochemistry[J]. Progress in Chemistry, 1997, 9(3):
311-319.
[29]  Jongwon Seok, Cyriaque P. Sukam, Andrew T. Kim, John A. Tichy, Timothy S. Cale. Multiscale material
removal modeling of chemical mechanical polishing[J]. Wear, 2003, 254(223): 307-320.
[30]  陈杨, 陈建清. 纳米磨料对硅晶片的超精密抛光研究[J]. 摩擦学学报, 2004, 24(4): 332-334.
[31]  Jianfeng Luo, David A. Dornfeld. Material removal regions in chemical  mechanical planarization for sub-
micron integrated circuit fabrication: coupling effects of slurry chemicals, abrasive size distribution and wafer-
pad contact area[J]. IEEE Trans Semiconduct Manuf., 2003, 16(1): 45-46.
[32]  Anantha R., Sethurman, Jiun-Fang Wang, Rodel. Microstructural and surface phenomena in metal CMP
[J]. Electrochemical Society Proceedings, 1996, 22: 258-266.
[33]  Emil A. Kneer, Chilkunda Raghumath, Srini Raghavan, Joong S. Jeon. Electrochemistry of Chemical
Vapor Deposited Tungsten Films with Relevance to Chemical Mechanical Polishing [J]. J Electrochem Soc,
1996, 143(12): 4095-4100.
[34]  J. Steigerwald, R. Zirpoli, S. Murarka, D. Price, R. Gutmann. Metal dishing and erosion in the chemical-
mechanical polishing of copper used for patten delineation[C]. Mater Res Soc Symp Proc, 1995: 55-59.
[35]  S. V. Babu, S. Danyluk, M. L. Krishnan, M. Tsujimura. CMP fundamentals and challenges[C]. Mater Res
Soc Symp Proc, 2000, 566: 73-79.
[36]  Li Y., Ramarajan S., Hariharaputhiran M.. Planarization of Cu and Ta using silicon and alumina abrasives-
A comparison[C]. Mater Res Soc Symp Proc, 2000, 613: E2.4.1~E2.4.6.
[37]  David Wei, Y. Gotkis, H. Li. Copper CMP for dual damascene technology: some consideration on the
mechanism of  removal.[C]. Mater Res Soc Symp Proc, 2001, 671: E3.3.1~E3.3.6.
[38]  H. Liang, J.M. Martin, B. Vacher. Chemical wear of Cu CMP[C]. Mater Res Soc Symp Proc, 2000, 613:
E2.5.1~E2.5.5.
[39]  张国海, 夏洋, 龙世兵, 钱鹤. ULSI 中铜互连线技术的关键工艺[J]. 微电子学, 2001, 31(2): 146-149.
[40]  Brown, N., Cook, L. M. Presented at the Tropical Meeting on the Science of Polishing. In: Presented at the
Tropical Meeting on the Science of Polishing, 1984.
[41]  Ein-Eli, Y., Starosvetsky, D. Review on copper chemical–mechanical polishing (CMP) and post-CMP
cleaning in ultra large system integrated (ULSI)—An electrochemical perspective[J]. Electrochimica Acta 2007,
52: 1825-1838.
[42]  Ming Jiang, Nelson O. Wood, R. Komanduri. On CMP of silicon nitride（Si3N4）work material with
various abrasives[J]. Wear, 1998, 22(1): 57-71.
[43]  刘博, 刘玉岭, 孙鸣, 贾英茜, 刘长宇. ULSI多层铜布线CMP 影响因素分析研究[J]. 显微、测量、微
细加工技术与设备, 2006, (9): 442-446.
[44]  王占银, 孔勇发, 陈绍林. 大直径铌酸锂晶片的化学机械抛光研究[J]. 人工晶体学报, 2006, 35(1):
99-103.
[45]  雷红, 雒建斌, 潘国顺. 纳米SiO2粒子抛光液的制备及其抛光性能[J]. 润滑与密封, 2004, (3): 84-86.
[46]  Kautec, W., Gordon, J. G. XPS Studies of Anodic Surface Films on Copper Electrodes[J]. J. Electrochem.
Soc. , 1990, 137(9): 2672-2677.
[47]  Luo, Q., Campbell, D. R., Babu, S. V. Chemical–mechanical polishing of copper in alkaline media[J].
Thin Solid Films, 1997, 137: 177-182.
[48]  NH Kim, JH Lim, SY Kim, EG Chang. Effects of phosphoric acid stabilizer on copper and tantalum nitride
CMP[J]. Materials Letters, 2003, 57(29): 4601― 4604.
[49]  Juichin Chen, Wenta Tsi. Chemical-mechanical polishing behavior of tantalum in slurries containing citric
acid and alumina[J]. Surface and Coatings Technology, 2004, 185: 50-57.
[50]  V.H. Nguyen, A.J. Hof, H. van Kranenburg, P.H. Woerlee, F. Weimar. Copper chemical mechanical
polishing using a slurry-free technique[J]. Microelectron. Eng., 2001, 55: 305-312.
厦
门
大
学
博
硕
士
论
文
摘
要
库
[51]  Kai Yang, Hsinchu, Su Man Tseng, Hsinchu, Wes Jeng, Hsinchu. Slurry compositions for chemical
mechanical polishing of copper and barrier films. Vol. 20050090104A1 US, 2005.
[52]  修三, 佐. 半導体デバイスの動向と平坦化CMP 関連技術[J]. 月刊トライボロジー, 2004, (11): 16-
18.
[53]  修三, 左. 電解研磨機構の検討とその Cu/Low-k ダマシンプロセスへの適用[J]. 光技術コンタク
ト, 2002, 40(11): 3-7.
[54]  Kondo, S., Sakuma, N., Homma, Y., Goto, Y., Ohashi, N., Yamaguchi, H., Owada, N. Abrasive‐Free
Polishing for Copper Damascene Interconnection [J]. J Electrochem Soc, 2000, 147(10): 3907-3913.
[55]  Yamaguchi H., Ohashi N., Lmai T., Torii, K. A 7 level metallization with Cu Damascene p r ocess using
newly developed abrasive free polishing. In: IEEE International I nterconnect Technology Conference, 2000, pp.
264-266.
[56]  Shijian Li, Lizhong Sun, Tsai, S., Liu F.Q. A low cost and residue2 free abrasive-free copper CMP process
with low dishing, erosi on and oxide loss. In: IEEE Internati onal I nterconnect Technology Conference, 2001,
pp. 137-139.
[57]  Kondo, S., Sakuma, N., Homma, Y., Goto, Y., Ohashi, N., Yamaguchi, H., Owada, N. Complete-
Abrasive-Free Process for Copper Damascene Interconnection [J]. IEEE, 2000: 253-255.
[58]  Takayuki Matsuda, Hideaki Takahashi, Muneaki Tsurugaya, Kuon Miyazaki, Toshiroh K. Doy, Masaki
Kinoshita. Characteristics of abrasive-free micelle slurry for copper CMP[J]. J Electrochem Soc, 2003, 150(9):
231-241.
[59]  Jason Keleher, Ken Rushing, Joe Zhao, Bill Wojtczak, Yuzhuo Li. Sup ramolecular abrasive-free system for
Cu CMP[C]. Mat Res Soc Symp Proc, 2003, 767: 231-241.
[60]  Ramakrishnan, S., Janjam, S. V. S. B., Patri, U. B., Roy, D., Babu, V. Comparison of dicarboxylic acids as
complexing agents for abrasive-free chemical mechanical planarization of copper[J]. Microelectron. Eng., 2007,
84: 80-86.
[61]  Kirino, O., Enomoto, T. Ultra-&#64258;at  and ultra-smooth Cu surfaces produced by abrasive-free
chemical–mechanical planarization/polishing using vacuum ultraviolet light[J]. Precision Engineering, 2011,
35: 669-676.
[62]  DENARDIS, D., JamshidSOROOSHIAN, HABIRO1, M., ChrisROGERS, PHILIPOSSIAN, A. Tribology
and Removal Rate Characteristics of Abrasive-Free Slurries for Copper CMP Applications[J]. Jpn. J. Appl. Phys.
, 2004, 42: 6809-6814.
[63]  S. Balakumar, T. Haque, Senthil Kumar, M. Rahaman, R. Kumar. Wear Phenomena in Abrasive-Free
Copper CMP Process[J]. J Electrochem Soc, 2005, 152(11): G867-G874.
[64]  J.Y. Fang, P.W. Huang, M.S. Tsai, B.T. Dai. Pattern Effect Optimized with Non-Native Surface Passivation
in Copper Abrasive-Free Polishing [J]. Solid-state Lett, 2005, 8(5): G128-G130.
[65]  Smekalin, K. 電解研磨CMP装置「Reflection LK Ecmp」——サブ６５nmノードの先端CMP技術
[J]. 電子材料, 2004, (3): 78-81.
[66]  Suni, I. I., Du, B. Cu Planarization for ULSI Processing by Electrochemical Methods: A Review[J]. IEEE
Transactions on Semiconductor Manufacturing, 2005, 18(3): 341-349.
[67]  Carter, M. K., Small, R. Electrochemical Measurements of Passivation Bilayers on Copper in a CMP
System [J]. J Electrochem Soc, 2004, 151(10): B563-B571.
[68]  Kuo, H. S., Tsai, W. T. Effect of Applied Potential on the Chemical Mechanical Polishing of Aluminum in
Phosphoric Acid Base Slurry [J]. J Electrochem Soc, 2000, 147(6): 2136-3142.
[69]  Liu, F. Q., Du, T., Duboust, A., Tsai, S., Hsu, W.-Y. Cu Planarization in Electrochemical Mechanical
Planarization[J]. J Electrochem Soc, 2006, 153(6): C377-C381.
[70]  许旺, 张楷亮, 杨保和. 新型铜互连方法——电化学机械抛光技术研究进展[J]. Semiconductor
Technology, 2009, 34(6): -521525.
[71]  Lowalekar, V. P. Oxalic acid based chemical systems for electrochemical mechanical planarization of
copper [D]. Arizona: The University of Arizona, 2006.
厦
门
大
学
博
硕
士
论
文
摘
要
库
[72]  Economikos, Wang, L., Sakmoto, X., Ong, X., Naujok, P., Knarr, M., Chen, R., Moon, L., editors.
Electrochemical mechanical planarization ( ECMP ) for future generation device technology [R]. Piscataway,
2004.
[73]  Walton, H. F. The Anode Layer in the Electrolytic Polishing of Copper [J]. J Electrochem Soc, 1950, 97(7):
219-226.
[74]  Sullivan, B. P., Salmon, D. J., Meyer, T. J. Mixed Phosphine 2,2'-Bipyridine Complexes of Ruthenium[J].
Inorganic Chemistry, 1977, 17(12): 3334-3341.
[75]  Zhang, X. G., Collins, S. D., Smith, R. L. Porous Silicon Formation and Electropolishing of Silicon by
Anodic Polarization in HF Solution [J]. J Electrochem Soc, 1989, 136(5): 1561-1565.
[76]  Sautebin, R., Landolt, D. Anodic Leveling under Secondary and Tertiary Current Distribution Conditions
[J]. J Electrochem Soc, 1982, 129(5): 949-953.
[77]  Landolt, D. Fundamental aspects of electropolishing[J]. Electrochimica Acta, 1987, 32(1): 1-11.
[78]  Sautebin, R., H. Froidevaux, Landolt, D. Theoretical and Experimental Modeling of Surface Leveling in
ECM under Primary Current Distribution Conditions [J]. J Electrochem Soc, 1980, 127(5): 1096-1100.
[79]  Fang, J. L., Wu, N. J. Select this articleDetermination of the Composition of Viscous Liquid Film on
Electropolishing Copper Surface by XPS and AES [J]. J Electrochem Soc, 1989, 136(12): 3800-3803.
[80]  Contolini, R. J., Bernhardt, A. F., Mayer, S. T. Electrochemical Planarization for Multilevel Metallization
[J]. J Electrochem Soc, 1994, 141(9): 2503-2510.
[81]  Huo, J., Solanki, R., McAndrew, J. Electrochemical Planarization of Patterned Copper Films for
Microelectronic Applications[J]. Journal of Materials Engineering and Performance, 2004, 13(4): 413-420.
[82]  Wang, B., Zhu, J. Effect of electrochemical polishing time on surface topography of mild steel [J]. Journal
of University of Science and Technology, 2007, 14(3): 236-239.
[83]  Andryushchenko, Miller, A. E., Fischer, P. B. Long Wavelength Roughness Optimization during Thin Cu
Film Electropolish [J]. Electrochem. Solid-State Lett. , 2006, 9(11): C181-C184.
[84]  Marmion, M. E., Takeuchi, K. J. Ruthenium(Ⅳ)-Oxo  Complexes: The Novel Utilization  of Tertiary
Pnictogen Ligands [J]. J. Am. Chem. Soc., 1987, 110(5): 1472-1480.
[85]  Abruiia, H. D., Denisevich, P., Umaiia, M., Meyer, T. J., Murray, R. W. Rectifying  Interfaces Using Two-
Layer Films of Electrochemically Polymerized Vinylpyridine  and Vinylbipyridine Complexes of  Ruthenium
and Iron on Electrodes [J]. J. Am. Chem. Soc., 1981, 103(1): 1-5.
[86]  Zhaowu Tian, Zude Fen, Zhongqun Tian, Xiangdong Zhuo, Jiqian Mu, Chunzhen Li, Huashui Lin, Bin
Ren, Zhaoxiong Xie, Weiling Hu. Confined etchant layer technique for two dimensional lithography at high
resolution using ECSTM [J]. Faraday Discuss, 1992, 94: 249-253.
[87]  Durham, B., Walsh, J. L., Carter, C. L., Meyer, T. J. Synthetic Applications  of Photosubstitution Reactions
of Poly(pyridy1)  Complexes of Ruthenium(Ⅱ) [J]. Inorganic Chemistry, 1980, 19(4): 860-865.
[88]  Liming Jiang, Zhufang Liu, Jin Tang, Li Zhang, Kang Shi, Zhongqun Tian, Zhaowu Tian. Three-
dimensional micro-fabrication on copper and nickel[J]. J Electrochem Soc, 2005, 581: 153-158.
[89]  刘柱方, 蒋利民, 汤儆, 张力, 田中群, 田昭武, 刘品宽, 孙立宁. 镍表面三维微图形的复制加工[J]. 电
化学, 2004, 10(3): 249-253.
[90]  刘柱方, 蒋利民, 汤儆, 刘品宽, 孙立宁, 田中群, 田昭武. 金属铜表面的三维齿状图形的化学微加工
[J]. 应用化学, 2004, 21(3): 227-230.
[91]  汤儆, 王文华, 庄金亮, 崔晨. 不同类型GaAs上应用约束刻蚀剂层技术进行电化学微加工[J]. 物理
化学学报, 2009, 25(8): 1671-1677.
[92]  Li Zhang, Xingzhou Ma, Jin Tang, Zhaowu Tian. Macrofabrication of a diffractive microlens array on n-
GaAs by an efficient electrochemical method[J]. Adv. Mater., 2007, 19(22): 3912.
[93]  Li Zhang, Xinzhou Ma, Mi X. Lin, Yu Lin, Guo H. Cao, Jing Tang, Zhaowu Tian. A Comparative Study on
Electrochemical Micromachining of n-GaAs and p-Si by Using Confined Etchant Layer Technique[J]. J. Phys.
Chem. B, 2006, 110: 18432-18439.
[94]  Li Zhang, Xingzhou Ma, Jing Tang, Dongsheng Qu, Qingyong Ding, Lining Sun. Three-dimensional
厦
门
大
学
博
硕
士
论
文
摘
要
库
electrochemical microfabrication of n-GaAs uing L-cystine as a scavenger[J]. Electrochim. Acta, 2006, 52: 630-
635.
[95]  Kang Shi, Jing Tang, Li Zhang, Yongliang Zhou, Dongsheng Qu, Lining, Zhongqun Tian. A preliminary
study on  chemically micro-machining of complex 3-dimensional patterns of silicon substrates[J]. J. Solid State
Electrochem, 2005, 9: 398-402.
[96]  Yanbing Zu, Lie Xie, Bingwei Mao, Zhaowu Tian. Studies on silicon etching using the confined etchant
layer technique [J]. Electrochim. Acta, 1998, 43: 1683-1690.
[97]  Mandler, D., Bard, A. J. Scanning eletrochemical microscopy: the application of the feedback mode for
high resolution copper etching[J]. J Electrochem Soc, 1989, 136(10): 3143-4144.
[98]  Cornut, R., Nunige, S., Lefrou, C., Kanoufi, F. Local etching of copper films by the Scanning
Electrochemical Microscope in the feedback mode: A theoretical and experimental investigation[J].
Electrochimica Acta, 2011, 56(28): 10701-10707.
[99]  Bowler, R., Davies, T. J., Hyde, M. E., Compton, R. G. Electrochemical Cell for Surface Analysis[J].
Analytical Chemistry, 2005, 77(6): 1916-1919.
[100]  阿伦. J. 巴德, 拉里. R. 福克纳. 电化学方法原理和应用 [M]. 北京: 化学工业出版社, 2010.
[101]  田昭武. 电化学研究方法 [M]. 北京: 科学出版社, 1984.
[4]  张力. 用于半导体和金属表面三维微/纳结构制备的新型电化学加工方法及其应用[D]. 厦门: 厦门
大学, 2008.
[102]  左阳. 具有有序结构和均一形貌的π共轭有机导电聚合物的研究[D]. 厦门: 厦门大学, 2012.
[103]  王文婧. sp2杂化类型碳材料电极界面电化学研究[D]. 厦门: 厦门大学, 2012.
[104]  上海辰华仪器有限公司电化学工作站CHI分析仪. 电化学工作站用户手册 [Z]. 上海.
[105]  WICHTERLE, O., L&Iacute;M, D. Hydrophilic Gels for Biological Use[J]. Nature, 1960, 185: 117-118.
[106]  Wach, R. A., Mitomo, H., Yoshii, F., Kume, T. Hydrogel of Radiation-Induced Cross-Linked
Hydroxypropylcellulose[J]. Macromolecular Materials and Engineering 2002, 287(4): 285-295.
[107]  Matheis, G. Phosphorylation of food proteins with phosphorus oxychloride—Improvement of functional
and nutritional properties: A review[J]. Food Chemistry, 1991, 39(1): 13-26.
[108]  Yi, J.-Z., Zhang, L.-M. Removal of methylene blue dye from aqueous solution by adsorption onto sodium
humate/polyacrylamide/clay hybrid hydrogels[J]. Bioresource Technology, 2008, 99(7): 2182-2186.
[109]  Lee, K. Y., Yuk, S. H. Polymeric protein delivery systems[J]. Progress in Polymer Science, 2007, 32(7):
669-697.
[110]  Drury, J. L., Mooney, D. J. Hydrogels for tissue engineering: scaffold design variables and applications[J].
Biomaterials, 2003, 24(24): 4337-4351.
[111]  吕紫玲, 董绍俊. 化学修饰电极的研究ⅩⅢ.聚乙烯二茂铁(PVFc)薄膜电极和电催化效应[J]. 物理
化学学报, 1986, 2(5): 408-411.
[112]  吕紫玲, 董绍俊. 化学修饰电极的研究 Ⅷ.聚乙烯二茂铁薄膜电极对抗坏血酸的电催化氧化[J]. 化
学学报, 1986, 44(1): 32-38.
[113]  田承云, 陈静, 张黎. N -（ 3 -二茂铁乙酰胺基）丙基吡咯聚合物修饰的葡萄糖电极的研究[J]. 电
化学, 1998, 4(4): 418-422.
[114]  田承云, 曹大均, 章宗穰, 朱建中, 张国雄. 基于聚毗咯的平面型葡萄糖传感器的研究[J]. 分析化学
, 1998, 26(7): 854-857.
[115]  Petersson, M. A ferrocene-modified platinum electrode as a potentiometric sensor for l-ascorbic acid[J].
Analytica Chimica Acta, 1983, 147(0): 359-363.
[116]  Koide, S., Yokoyama, K. Electrochemical characterization of an enzyme electrode based on a ferrocene-
containing redox polymer[J]. Journal of Electroanalytical Chemistry, 1999, 468(2): 193-201.
[117]  Reddy, S. M., Phan, Q. T., El-Sharif, H., Govada, L., Stevenson, D., Chayen, N. E. Protein Crystallization
and Biosensor Applications of Hydrogel-Based Molecularly Imprinted Polymers[J]. Biomacromolecules, 2012,
13(12): 3959-3965.
[118]  Montero, L., Gabriel, G., Guimera, A., Villa, R., Gleason, K. K., Borros, S. Increasing biosensor response
厦
门
大
学
博
硕
士
论
文
摘
要
库
through hydrogel thin film deposition: Influence of hydrogel thickness[J]. Vacuum, 2012, 86(12): 2102-2104.
[119]  Micheli, L., Mazzuca, C., Palleschi, A., Palleschi, G. Combining a hydrogel and an electrochemical
biosensor to determine the extent of degradation of paper artworks[J]. Analytical and Bioanalytical Chemistry,
2012, 403(6): 1485-1489.
[120]  Trzebinski, J., Moniz, A. R. B., Sharma, S., Burugapalli, K., Moussy, F., Cass, A. E. G. Hydrogel
Membrane Improves Batch-to-Batch Reproducibility of an Enzymatic Glucose Biosensor[J]. Electroanalysis,
2011, 23(12): 2789-2795.
[121]  Liu, A. L., Chen, X. H., Wang, K., Wei, N., Sun, Z. L., Lin, X. H., Chen, Y. Z., Du, M. Electrochemical
DNA biosensor based on aldehyde-agarose hydrogel modified glassy carbon electrode for detection of
PML/RARa fusion gene[J]. Sensors and Actuators B-Chemical, 2011, 160(1): 1458-1463.
[122]  Shirakawa, H., Louis, E. J., MacDiarmid, A. G., Chiang, C. K., Heeger, A. J. Synthesis of electrically
conducting organic polymers: halogen derivatives of polyacetylene, (CH)x [J]. J. Chem. Soc., 1977, (16): 578-
580.
[123]  赵文龙, 王亦军. 功能高分子材料化学[M]. 北京: 化学工业出版社, 1996.
[124]  Suga, T., Ohshiro, H., Sugita, S., Oyaizu, K., Nishide, H. Emerging N-Type Redox-Active Radical
Polymer for a Totally Organic Polymer-Based Rechargeable Battery[J]. Adv. Mater., 2009, 21(16): 1627-1630.
[125]  Takeo Suga, H. K. a. H. N. Photocrosslinked nitroxide polymer cathode-active materials for application
in an organic-based paper battery [J]. Chem. Commun, 2007, (17): 1730-1732.
[126]  Saito, T., Watanabe, M. Characterization of poly(vinylferrocene-co-2-hydroxyethyl methacrylate) for use
as electron mediator in enzymatic glucose sensor[J]. Reactive and Functional Polymers, 1998, 37(1–3): 263-
269.
[127]  Heller, A. Electron-conducting redox hydrogels: design, characteristics and synthesis[J]. Biopolymers,
2006, 10: 664-672.
[128]  Calvert, J. M., Schmehl, R. H., Sullivan, B. P., Facci, J. S., Meyer, T. J., Murray, R. W. Synthetic and
mechanistic investigations of the reductive electrochemical polymerization of vinyl-containing complexes of
iron(Ⅱ), ruthenium(Ⅱ), and osmium(Ⅱ)[J]. Inorg. Chem., 1983, 22(15): 2151-2162.
[129]  Abruiia, H. D., Denisevich, P., Umaiia, M., Meyer, T. J., Murray, R. W. Rectifying  Interfaces Using Two-
Layer Films of Electrochemically Polymerized Vinylpyridine  and Vinylbipyridine Complexes of  Ruthenium
and Iron on Electrodes [J]. J. Am. Chem. Soc., 1981, 103(1): 1-5.
[130]  Durham, B., Walsh, J. L., Carter, C. L., Meyer, T. J. Synthetic Applications  of Photosubstitution
Reactions of Poly(pyridy1)  Complexes of Ruthenium(Ⅱ) [J]. Inorganic Chemistry, 1980, 19(4): 860-865.
[131]  Sullivan, B. P., Salmon, D. J., Meyer, T. J. Mixed Phosphine 2,2'-Bipyridine Complexes of Ruthenium[J].
Inorganic Chemistry, 1977, 17(12): 3334-3341.
[132]  M., J., Calvert, L., D., Peebles, Nowak., R. J. Spectral, Electrochemical, and Conductivity Studies of
Poly(pyridyl)ruthenium Complexes Containing Polymerizable Acetylenic and Olefinic Ligands [J]. Inorganic
Chemistry, 1985, 24(20): 3111-3119.
[133]  刘晓霞, 黄永德, 孙克, 张宝砚, 张玲. 1-氯-2-甲酰基乙烯基二茂铁与钌乙烯基吡啶配合物的电化
学共聚[J]. 化学学报, 2002, 60(8): 1433-1438.
[134]  Ghosh, P., Spiro, T. G. Photoelectrochemistry of tris(bipyridyl)ruthenium(Ⅱ) covalently attached to n-
type tin(Ⅳ) oxide[J]. J. Am. Chem. Soc., 1980, 102(17): 5543-5549.
[135]  Marmion, M. E., Takeuchi, K. J. Ruthenium(Ⅳ)-Oxo  Complexes: The Novel Utilization  of Tertiary
Pnictogen Ligands [J]. J. Am. Chem. Soc., 1987, 110(5): 1472-1480.
[136]  Coe, B. J., Fielden, J., Foxon, S. P., Brunschwig, B. S., Asselberghs, I., Clays, K., Samoc, A., Samoc, M.
Combining Very Large Quadratic and Cubic Nonlinear Optical Responses in Extended, Tris-Chelate
Metallochromophores with Six π-Conjugated Pyridinium Substituents[J]. J. Am. Chem. Soc., 2010, 132(10):
3497-3513.
[137]  T, W., H, O., K., T. Catalytic four-electron oxidation of water by intramolecular coupling of the oxo
ligands of a bis(ruthenium-bipyridine) complex[J]. Chem. Eur. J., 2012, 18(8): 2374-2381.
厦
门
大
学
博
硕
士
论
文
摘
要
库
[138]  Ellis, C. D., Murphy, W. R., Meyer, T. J. Selectivity and directed charge transfer through an electroactive
metallopolymer film[J]. Journal of the American Chemical Society, 1981, 103(25): 7480-7483.
[139]  K.Kawamura, G.M.Jenkins. Polymeric-Carbons,Carbon Fiber,Glass and Carbon[M]. England:
Cambridge University Press, 1976.
[140]  R.L.McCreery, A.J.Bard(Ed.). In: Chemistry and  ysics of Carbon New York: Marcel Dekker, 1991.
[141]  Kahlert, H. Functionalized carbon electrodes for pH determination[J]. J Solid State Electrochem, 2008,
12: 1255-1266.
[142]  阿伦.J.巴德, 拉里.R.福克纳. 电化学方法原理和应用[M]. 北京: 化学工业出版社, 2010.
[143]  Daum, P., Murray, R. W. Charge-Transfer Diffusion Rates and Activity Relationships during Oxidation
and Reduction of  Plasma-Polymerized Vinylferrocene Films[J]. The Journal of Physical Chemistry, 1981, 85(4):
389-396.
[144]  石庚辰. 微机电系统技术[M]. 北京: 国防工业出版社, 2002.
[145]  田文超. 微机电系统（MEMS）原理、设计和分析[M]. 西安: 西安电子科技大学出版社, 2009.
[146]  赵志杰. 集成电路应用系统分析[M]. 北京: 中国电力出版社, 2007.
[147]  毕克允, 胡先发, 王长河, 莫火石. 微电子技术-信息化武器装备的精灵[M]. 北京: 国防工业出版社,
2008.
[148]  王莉. 3 IC在DSTI-CMP工艺中的应用与研究[M]. 天津: 天津大学, 2008.
[149]  Fayolle, M., Passemard, G., Louveau, O., Fulalba, F., Cluzel, J. Challenges  of back end of the line for sub
65 nm generation,” [J]. Microelectron. Eng., 2002, 70: 255-266.
[150]  Lanckmans, F., Brongersma, S. H., Varga, I., Poortsmans, S., H. Bender, T., Conard, Maex, K. A
quantitative adhesion study between contacting materials in Cu damascene structures[J]. Appl. Surf. Sci, 2002,
201.
[151]  Mosig, K., Jacobs, T., Brennan, K., Rasco, M., J.Wolf, Augur, R. Integration challenges of porous ultra
low-k spin-on dielectrics[J]. Microelectron. Eng., 2002, 64: 11-24.
[152]  修三, 佐. 半導体デバイスの動向と平坦化CMP 関連技術[J]. 月刊トライボロジー, 2004, (11): 16-
18.
[153]  修三, 左. 電解研磨機構の検討とその Cu/Low-k ダマシンプロセスへの適用[J]. 光技術コンタク
ト, 2002, 40(11): 3-7.
[154]  Kaufman, F. B., Thompson, D. B., al, e. Chemical-mechanical polishing for fabricating patterned W metal
features as chip interconnects[J]. Journal of Electrochemical Society, 1991, 138(1): 3460-3465.
[155]  R.J., W., H., H. A. Process for Polishing semiconductor materials.  USA, 1965, p. Patent：US3170273.
[156]  J, L. S., Z, S. L., S, T. A low cost and residue2 free abrasive-free copper CMP process with low dishing,
erosi on and oxide loss. In: IEEE Internati onal I nterconnect Technology Conference, 2001, pp. 137-139.
[157]  Kondo, S., Sakuma, N., Homma, Y., Goto, Y., Ohashi, N., Yamaguchi, H., Owada, N. Abrasive‐Free
Polishing for Copper Damascene Interconnection [J]. J Electrochem Soc, 2000, 147(10): 3907-3913.
[158]  H, Y., N, O., T, I. A 7 level metallization with Cu Damascene process using newly developed abrasive free
polishing. In: IEEE International I nterconnect Technology Conference, 2000, pp. 264-266.
[159]  Suni, I. I., Du, B. Cu Planarization for ULSI Processing by Electrochemical Methods: A Review[J]. IEEE
Transactions on Semiconductor Manufacturing, 2005, 18(3): 341-349.
[160]  Smekalin, K. 電解研磨CMP装置「Reflection LK Ecmp」——サブ６５nmノードの先端CMP技術
[J]. 電子材料, 2004, (3): 78-81.
[161]  Carter, M. K., Small, R. Electrochemical Measurements of Passivation Bilayers on Copper in a CMP
System [J]. J Electrochem Soc, 2004, 151(10): B563-B571.
[162]  Kuo, H. S., Tsai, W. T. Effect of Applied Potential on the Chemical Mechanical Polishing of Aluminum in
Phosphoric Acid Base Slurry [J]. J Electrochem Soc, 2000, 147(6): 2136-3142.
[163]  Huo, J., Solanki, R., McAndrew, J. Electrochemical Planarization of Patterned Copper Films for
Microelectronic Applications[J]. Journal of Materials Engineering and Performance, 2004, 13(4): 413-420.
[164]  Walton, H. F. The Anode Layer in the Electrolytic Polishing of Copper [J]. J Electrochem Soc, 1950,
厦
门
大
学
博
硕
士
论
文
摘
要
库
97(7): 219-226.
[165]  刘柱方, 蒋利民, 汤儆, 张力, 田昭武, 刘品宽, 曲东升, 孙立宁, 叶雄英, 周兆英, 田中群. 金属 Cu表
面三维齿状微图形的复制加工——约束刻蚀剂层技术( CELT )的应用[J]. 微电子技术, 2003, 7(8): 265-
266.
[166]  刘柱方, 蒋利民, 汤儆, 刘品宽, 孙立宁, 田中群, 田昭武. 金属铜表面的三维齿状图形的化学微加
工[J]. 应用化学, 2004, 21(3): 227-230.
[167]  F., L. Z., M.;, J. L., J., T., L., Z., K., S., Q., T. Z., K., L. P., N., S. L., W., T. Z. Three-dimensional micro-
fabrication on copper and nickel[J]. J Electrochem Soc, 2005, 581: 153-158.
[168]  刘柱方, 蒋利民, 汤儆, 张力, 田中群, 田昭武, 刘品宽, 孙立宁. 镍表面三维微图形的复制加工[J].
电化学, 2004, 10(3): 249-253.
[169]  蒋利民, 程泽宇, 杜楠, 李维, 田中群, 田昭武. 镁合金表面微结构阵列的电化学微加工[J]. 物理化
学学报, 2008, 24(7): 1307-1312.
[170]  Habbache, N., Alane, N., Djerad, S., Tifouti, L. Leaching of copper oxide with different acid solutions[J].
Chemical Engineering Journal, 2009, 152(2–3): 503-508.
[171]  Ein-Eli, Y., Starosvetsky, D. Review on copper chemical–mechanical polishing (CMP) and post-CMP
cleaning in ultra large system integrated (ULSI)—An electrochemical perspective[J]. Electrochimica Acta 2007,
52: 1825-1838.
[172]  Sikora, E., Sikora, J., Macdonald, D. D. A new method for estimating the diffusivities of vacancies in
passive films[J]. Electrochimica Acta, 1996, 41(6): 783-789.
[173]  Macdonald, D. D. The Point Defect Model for the Passive State TECHNICAL PAPERS-Electrochemical
Science and Technology: [J]. J Electrochem Soc, 1992, 139(12): 3434-3449.
[174]  Macdonald, D. D., Biaggio, S. R., Song, H. Steady‐State Passive Films: Interfacial Kinetic Effects and
Diagnostic Criteria TECHNICAL PAPERS - Electrochemical Science and Technology:[J]. J Electrochem Soc,
1992, 139(1): 170-177.
[175]  Macdonald, D. D., Urquidi-Macdonald, M. Theory of Steady‐State Passive Films
ELECTROCHEMICAL SCIENCE AND TECHNOLOGY - TECHNICAL PAPERS[J]. J Electrochem Soc,
1990, 137(8): 2395-2402.
[176]  Mirrison, S. R. Electrochemistry at Semiconductors and Oxidized Metal Electrodes[M]. New York:
Plenum Press, 1980.
 
厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
Degree papers are in the “Xiamen University Electronic Theses and 
Dissertations Database”.  
Fulltexts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on 
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary 
loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn 
for delivery details. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
